The disk around the Herbig Ae/Be star HD 100546 has been extensively studied and it is one of the systems for which there are observational indications of ongoing and/or recent planet formation. However, up until now no resolved image of the millimeter dust emission or the gas has been published. We present the first resolved images of the disk around HD 100546 obtained in Band 7 with the ALMA observatory. The CO (3-2) image reveals a gas disk that extends out to 350 au radius at the 3-σ level. Surprisingly, the 870 µm dust continuum emission is compact (radius <60 au) and asymmetric. The dust emission is well matched by a truncated disk with outer radius of ≈50 au. The lack of millimeter-sized particles outside the 60 au is consistent with radial drift of particles of this size. The protoplanet candidate, identified in previous high-contrast NACO/VLT L observations, could be related to the sharp outer edge of the millimeter-sized particles. Future higher angular resolution ALMA observations are needed to determine the detailed properties of the millimeter emission and the gas kinematics in the inner region (<2 ). Such observations could also reveal the presence of a planet through the detection of circumplanetary disk material.
INTRODUCTION
Gas and dust rich disks around young stars are the birthplace of new planetary systems. However, we still lack observational data showing under which physical and chemical conditions planet formation takes place.
One object where this might be possible is the Herbig Ae/Be star HD 100546, which is located at a distance of 97±4 pc (van Leeuwen 2007) . The transition disk around this star has a cavity (in dust and molecular gas) between ∼1-14 au (e.g., Bouwman et al. 2003; Grady et al. 2005; Benisty et al. 2010; Quanz et al. 2011; Mulders et al. 2013; Panić et al. 2014; Liskowsky et al. 2012; Brittain et al. 2009; van der Plas et al. 2009; Liu et al. 2003) .Various studies suggested the presence of a companion inside this cavity (e.g., Bouwman et al. 2003; Acke & van den Ancker 2006; Tatulli et al. 2011; Brittain et al. 2013; Mulders et al. 2013) . Recently, Quanz et al. (2013) revealed an additional protoplanet candidate further out in the outer disk (∼50-60 au separation from the central star) using high-contrast direct imaging observations.
To determine the main, large-scale kinematic properties of the disk, Acke & van den Ancker (2006) used echelle spectra at optical wavelengths. They determined that the major axis is located at 150±11
• east of north. Other observations of HD 100546 using single dish millimeter data to study the large scale gas kinematics (Panić et al. 2010; Panić & Hogerheijde 2009) show that the observed asymmetric profiles could arise from a warped disk, where one side is colder due to a shadow casted by the inner rim. Herschel/PACS observations of high-J CO lines also requier a two temperature component model to reproduce the CO emission (Meeus et al. 2013) .
The current best dust continuum data published for HD 100546 are from Henning et al. (1998) and Wilner et al. (2003) . Henning et al. (1998) observed HD 100546 at 1.3 mm and detected the disk millimeter emission (69 mJy) with 23 resolution. Wilner et al. (2003) observed HD 100546 using the Australia Telescope Compact Array (ATCA) at 3.4 mm and with an angular resolution of 2 . They detected the dust continuum emission (36±3 mJy) but could not determine the morphology.
While the disk around HD 100546 has been successfully resolved between ∼10 and ∼350 au in scattered light at optical and near-infrared , as well as in thermal infrared continuum 4 (e.g., Pantin et al. 2000; Augereau et al. 2001; Grady et al. 2001; Liu et al. 2003; Leinert et al. 2004; Ardila et al. 2007; Quanz et al. 2011; Mulders et al. 2011; Boccaletti et al. 2013, Avenhaus et al., submitted) , so far no spatially resolved images of the dust and gas content at (sub)-mm wavelengths have been published. Here we present an analysis of archival ALMA Cycle 0 observations of the 870 µm dust continuum and CO(3-2) emission. These data and a comparison with previously published scattered light images provide a better determination of fundamental disk properties and hence allow us to better constrain the environment in a likely planet forming disk. A more detailed analysis of these data with a focus on the disk chemistry can be found in Walsh et al. (in prep) .
DATA
4 Some studies detected scattered light even at much larger radii, but it seems more likely that they revealed the remainings of a large-scale envelope rather than a genuine circumstellar disk. HD 100546 was observed on November 18, 2012 with ALMA using Band 7 receivers under project 2011.0.00863.S. The array configuration included 24 antennas, with baselines between 21 and 375-m. The observations cycled through HD 100546 and quasar J1147−6753, with a cycle time of ∼10 minutes. The bright quasar 3C 279 is used as bandpass calibrator, while Titan is used to set the flux amplitude. The standard flagging and calibration was done using CASA 3.4 (McMullin et al. 2007 ), while imaging was done using CASA 4.2. The 870 µm continuum was obtained from line free channels and imaged using uniform weighting to achieve an angular resolution of 0.93 ×0.37 (PA=39
• ). The rms noise is 5.7 mJy beam −1 , as estimated from emission free regions.
The CO (3-2) data cube is obtained from the continuum subtracted visibilities obtained using the task uvcontsub. The imaging was done using multiscale clean with uniform weighting, which produced a beam size of 0.92 ×0.38 (PA=38
• ). In the spectral cube the rms, obtained from line-free channels, is 27 mJy beam −1 per channel, with a channel width of 0.1058 km s −1 and a spectral resolution of two channels.
RESULTS

Dust
The 870 µm dust continuum emission is compact (see Fig. 1 top-left panel) and dominated by the emission from the outer disk at small radii. The total and peak flux are 1.09 Jy and 0.500 Jy beam −1 , respectively. We determine the center, major and minor axes, and disk orientation by fitting an elliptical Gaussian to the visibility data in CASA using the uvmodelfit task. The inclination angle is derived from the major and minor axes ratio. The results are listed in Ardila et al. (2007) , who find PA=145
• ±5
• and i=42
• . Fig. 2 shows the amplitude as a function of de-rotated and de-projected uv-distance. The real component (top panel) shows a null at R null ≈250 kλ, indicative of a sharp edge in the emission (e.g. Andrews et al. 2011; Hughes et al. 2007 ). Inspired by the results showing ring-like morphologies in dust emission images (Pérez et al. 2014; Casassus et al. 2013; Fukagawa et al. 2013; van der Marel et al. 2013; Isella et al. 2013) , we fit the visibilities with a truncated disk of uniform surface brightness. The truncated disk is described by total flux (F 0 ), inner radius (R in ), and outer radius (R out ). Because of the relatively short baselines probed by these ALMA data it is not possible to constrain R in , and therefore it is fixed at 14 au (the best fit location of the disk rim as detected in scattered light; Avenhaus et al., submitted; see also Quanz et al. 2011) . The best fit model is shown in Fig. 2 by the red curve, where the total flux is 1.07±0.02 Jy and the outer radius is 45.8±0.7 au. Clearly, this is an idealized and simple model, and therefore the uncertainties for R out are underestimated. However, it does reflect the need for the millimeter wavelength emission to be compact and with a sharp edge.
To further explore this effect, we compare the observed continuum image with radiative transfer models that constrain the dust temperature and structure from SED fitting. We use a modified version of the model presented in Mulders et al. (2011) , using the radiative transfer and disk modeling code MCMax (Min et al. 2009 ). This model fits the ISO SED up to 200 µm and it is consistent with Herschel data (SPIRE 200-700 µm), with a geometry consisting of an inner gap between the star and 0.25 au, an inner accretion disk between 0.25 au and 1 au, an annular gap from 1 to 13 au, and an outer disk component consisting of micron-sized grains in a hydrostatic disk out to ∼400 au, consistent with thermal mid-infared and scattered light imaging. To fit the SED at millimeter wavelengths, we add a large grain component (1-3 mm) to the outer disk (starting at 13 au) with a dust mass of 5×10 −4 M , and 0.1× the hydrostatic scale height, mimicking dust settling. To fit the spatial extent of the ALMA image, we truncate the millimeter-sized particles at a radius R out , mimicking effects of radial drift, fragmentation-limited growth or other constraining mechanisms. Using a grid of models with R out from 40 au up to 100 au and spaced by 10 au the best model is found for 40 au<R out <60 au (Figure 1 ).
CO data
The CO (3-2) emission extends out to 3.5 (340 au), where the 3-σ level is reached, see Fig. 3 . Notice that at this radius the disk temperature, ≈30 K, is higher than the CO freeze-out temperature (Dutrey et al. 2014 , and references therein). The disk size from the CO determination is much larger than the size derived from the dust emission, but it is consistent with the size required from the radiative transfer modeling analysis of single dish CO data (Panić et al. 2010) . The zeroth moment (integrated intensity) is calculated between -2.1 and 14.0 km s −1 and shown by contours in Fig. 3 . The first moment (intensity weighted velocity), shown in Fig. 3 , is calculated using voxels (volume element) with brightness > 3×rms and in pixels with integrated intensity > 0.4 Jy beam −1 km s −1 . The position velocity (PV) diagram along the disk's major axis is presented in Fig. 4 . The keplerian velocity profile for the HD 100546 system, with M * =2.4±0.1 M (van den Ancker et al. 1997 ) and 40
• inclination angle, reproduces the velocities at a distance >2 from the star (red curve in Fig. 4 ). For separations <2 the velocities are better reproduced with an inclination angle of 30
• (orange curve in Fig. 4 ). From the dust emission model comparison and by the position of the null in the visibilities it is clear that the bulk of the millimeter-sized dust particles are contained within a 60 au radius. How is it possible to keep the millimeter-sized dust particles within 60 au? In order to study how well coupled the millimeter-sized particles are to the gas, we calculate the Stokes number, St= √ 2π ρ s a/Σ gas (Garaud et al. 2013 , see also Birnstiel et al. 2010 ), where ρ s is the solid density of particles, which we assume to be 1 g cm −3 for silicates, a=1 mm is the particle size, and Σ gas is the surface density of the gas disk. Using Σ gas (r)=18 (r/au) g cm −2 (Mulders et al. 2013 ) the Stokes number at 50 au is approximately unity, suggesting that millimeter-sized particles are only marginally coupled to the gas. Consequently, we expect that they can be subject to radial drift.
Radial drift alone could remove millimeter-sized particles from large radii (Weidenschilling 1977 ; Fouchet . The net effect of this process is to set an outer truncation radius to the millimeter-sized particles, while keeping the small particles and gas disk unaltered. Moreover, the suggested presence of a companion in the annular gap (∼1-14 au) would produce a pressure maximum within the outer disk. It would enhance particle accumulation and reduce radial drift (Pinilla et al. 2012) . This would set an inner truncation radius to the millimeter-sized particle disk. Numerical simulations from Pinilla et al. (2012) provide an example of a truncated disk morphology under the presence of radial drift and an inner planet. For their specific star, disk and planet setup they find truncated disks (or ring-like structures) of ∼20 au width. Future highresolution observations with ALMA will directly constrain the inner and outer radii of the (sub)-millimeter emission. These data could also be directly compared to (3-2) along the major axis shown in Fig. 3 . Contours are shown at [3, 6, 12, 24, 48, 96] numerical simulations appropriate to HD 100546 and determine if the morphology is consistent with radial drift and an inner companion.
Interaction with the outer planet candidate
In addition to radial drift, the presence of the outer protoplanet candidate ) may also help to clear out the outer disk and generate a sharp outer edge of millimeter-sized particles. When a planet interacts with a disk, it will carve out a gap if it is massive enough. We hypothesize that a planet may open a gap in the large dust particles, since it will form more easily in the millimeter dust than in the gas or smaller dust (Fouchet et al. 2010; Zhu et al. 2012 ). However, since radial drift already acts to move the millimetersized particles inwards on a very fast timescale this will effectively mean that the planet acts to open a 'one-sided gap' in the millimeter dust. In addition, if the planet migrates inwards, this may also help to push the millimetersized particles inward and generate the sharper outer edge. This possible planet-disk interaction scenario can be tested with future high-resolution ALMA observations. The outer radius of the dust disk should be the same when observed at different (sub-)millimeter wavelengths (e.g. 3 mm and 0.45 mm) in the case of a planetdisk interaction (like a one-sided gap opening), while for pure radial drift the outer disk radius should be different when observed at different wavelengths.
We further speculate that the presence of both planet candidates may help to constrain the dust particles into the apparent ring morphology.
Future observations from ALMA at higher-angular resolution and sensitivity will resolve the innermost disk region and yield additional insight into the immediate environment of the disk and perhaps the nature of the proposed protoplanet candidates. In addition, such observations may help identify the presence and properties of potential circumplanetary disks thanks to enhanced CO and/or dust continuum emission from the warmer disk material.
Disk asymmetries
The asymmetric model residuals at the 6-σ level (bottom panels in Fig. 1) , with the southeastern side being brighter than the northwestern side, suggest that the underlying dust continuum emission is asymmetric. Asymmetries in millimeter dust emission are not unusual (Pérez et al. 2014; Casassus et al. 2013; Fukagawa et al. 2013; van der Marel et al. 2013; Isella et al. 2013) , and they are usually associated with pressure bumps. In HD 100546, there is also an asymmetry between the southeastern and northwestern side seen in near-IR scattered light and in mid-IR emission, with a brighter southeastern side (Avenhaus et al., submitted; Panić et al. 2014) . Avenhaus et al. show that the surface brightness profile is steeper in the NW and SW cuts, with a change in the power-law index at ≈50 au. Although only higherangular resolution observations could confirm it, these ALMA data suggest that the dust continuum emission around HD 100546 is also asymmetric (Fig. 1) . Therefore, any azimuthally symmetric model will not perfectly fit the observations.
Disk kinematics
The morphology seen in the first moment map, Fig. 3 , where the velocity field in the disk inner section is slightly twisted, resembles the velocity maps for warped disks (Rosenfeld et al. 2014) . Although Rosenfeld et al. (2014) attempt to reproduce the velocity map for transitional disks with radial infall, they show that it is impossible to distinguish between radial infall and a warped disk. However, since the twist in the first moment map of HD 100546 is also observed outside the annular gap, where infall signatures are not expected, a likely explanation is the presence of a warp.
The presence of a warp (with a ∼10
• inclination change at R>200 au) has previously been suggested by Quillen (2006) and Panić et al. (2010 ). Quillen (2006 propose that a warp at ≈200 au can explain the spiral arm structure seen in scattered light. Similarly, a warped disk is suggested by Panić et al. (2010) to explain the asymmetric line profiles in single dish observations of different CO transitions and isotopologues.
The position velocity (PV) diagram, Fig. 4 , shows that in the outer region (R>2 or 194 au) the inclination angle is consistent with 40
• . At smaller distances this inclination predicts too high a velocity, and therefore a smaller inclination angle would be preferred. However, this same effect is seen in synthetic data of disks with unresolved structure (e.g. spiral arms), therefore higher angular resolution observations are need to determine if it is due to unresolved substructure or a warped disk. The inclination angle derived from the 870 µm emission (41.94
• ) is consistent with the inclination angle for the outer radius in the gas disk.
Other possible explanations for the non-keplerian kinematics that might be explored with detailed radiative transfer models are: a) changes in the flaring angle of the CO disk as a function of radius, which might provide a natural explanation for the change in inclination angle of the PV diagram, but that do not necessarily explain the twist in the first moment map; b) the presence of spiral arms that are unresolved in these ALMA observations, could produce changes in the disk properties (e.g. temperature, radial velocity or disk height) possibly producing variations in the first moment map.
SUMMARY AND CONCLUSIONS
We have presented the first resolved images of the HD 100546 transition disk in thermal dust emission and gas as traced by CO (3-2) using ALMA. The main results are summarized as follows:
• The 870µm dust continuum emission is compact with a radius of <60 au, while the disk emission as traced by CO extends up to a radius of ∼350 au. The dust emission is well modeled by a truncated disk (ring), where all the emission arises from a region within 14-60 au.
• The dust continuum emission is asymmetric, which is also seen in near-infrared scattered light images. This suggests that the underlying dust distribution is not azimuthally symmetric.
• From the PV diagram an inclination angle of 30
• and 40
• are derived for the inner (R<200 au) and outer (R>200 au) disk, respectively. However, this effect can also be mimicked by unresolved structure (e.g. spirals arms or asymmetries) in the inner disk.
• We fitted a Gaussian to the dust emission and obtained a position angle of 145.14 • (E-of-N) and an inclination angle of 41.94
• . These values are consistent (within the uncertainties) with those from scattered light images.
• We discuss a possible mechanism to keep millimeter dust particles confined within a 14-60 au radius. Radial drift of millimeter-sized particles will clear the outer disk. These particles might then be stopped at 14 au by the presence of a companion in the disk gap. On the other hand, the presence of the planet companion in the outer disk (∼50-60 au) may help to clear-out the outer disk (similar to a "one-sided gap"), and it can further help to produce a sharp disk edge.
Future ALMA high-resolution observations can resolve the suggested truncated disk (ring-like) structure and asymmetries. These ALMA observations could also provide additional constraints on the existence of the two protoplanet candidates and may even reveal the existence of circumplanetary disks around these young objects.
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